Objectives: The aim of this study was to determine the effect of exposure to sublethal concentrations of chlorhexidine on oxidative stress protection by Acinetobacter baylyi ADP1.
Introduction
Chlorhexidine is a cationic bis-biguanide broad-spectrum biocide that is widely used in antiseptic products and in hospital disinfectants. 1 In spite of its effectiveness, there have been reports of chlorhexidine resistance in a variety of microorganisms. 2 There are two known mechanisms responsible for chlorhexidine resistance. The first has been credited with increasing the levels of efflux pumps, such as AcrAB and MexCD-OprJ in Pseudomonas aeruginosa. 3, 4 The second chlorhexidine resistance mechanism involves altered outer membrane permeability. 5 The acquired chlorhexidine resistance also leads to cross-resistance to other agents, especially antibiotics. In P. aeruginosa, chlorhexidine was reported to induce resistance to norfloxacin in a MexCD-OprJ-dependent manner. 6 Recently, human infection by Acinetobacter baylyi has been observed. 7 During infection, bacteria are exposed to reactive oxygen species (ROS) generated as a part of active host defences. Bacteria have evolved several mechanisms to overcome ROS toxicity. The adaptive and cross-protective responses that can be induced against toxic substances and stresses have been shown to be important mechanisms for bacterial protection. The current study demonstrates, for the first time, the link between exposure to a biocide and an increase in both the resistance to the biocide and the oxidative stress resistance by the exposed bacteria.
Materials and methods

Bacterial strains and growth conditions
A. baylyi ADP1 8 was grown aerobically in Luria-Bertani (LB) medium (Criterion, USA) at 288C. The overnight culture was transferred into fresh LB medium to give a starting optical density at 600 nm (OD 600 ) of 0.05. Early-to mid-exponential-phase cells (OD 600 0.2-0.3) were used in all experiments.
Construction of the oxyR mutant
An oxyR mutant was constructed by replacing part of the oxyR coding region with a kanamycin resistance cassette 9 and the deleted gene was transferred into the ADP1 chromosome. Inactivation of the gene was confirmed by Southern blot analysis. An oxyR mutant has a defect in aerobic plating efficiency and this can be alleviated by the addition of sodium pyruvate in the plate. 9 Chlorhexidine and oxidant susceptibility ADP1 resistance levels to chlorhexidine and oxidants were determined by spotting serially diluted ADP1 on plates containing various concentrations of tested compounds, 10 and a chlorhexidine concentration subinhibitory for growth (0.000001%) was chosen for further experiments. A subinhibitory concentration of chlorhexidine was added to 20 mL aliquots of exponential-phase cultures. The cultures were allowed to grow for an additional 30 min before 1 mL aliquots of cells were washed once with 1 mL of fresh medium. Bacterial cultures were serially diluted, and 10 mL of each dilution was plated on an LB agar plate (as a control) and on LB agar plates containing 0.00007% chlorhexidine (Sigma, USA), 300 mM H 2 O 2 (Merck, USA) or 350 mM plumbagin (Sigma, USA). Cultures were incubated at 288C overnight before colonies were counted. For experiments with the oxyR mutant, exponential-phase cells were treated with H 2 O 2 for 15 min and washed once with 1 mL of fresh medium before 10 mL aliquots of appropriate dilutions were spotted on an LB agar plate containing 0.1% sodium pyruvate (USB, USA). 9 Cells without H 2 O 2 treatment were used as a control. All experiments were performed in triplicate.
Intracellular ROS detection by flow cytometry
Exponential-phase cells were washed once with 50 mM sodium phosphate buffer solution, pH 7.0. Then, a 1 mL aliquot of cells was treated with 0.000001% chlorhexidine. The superoxide anions and H 2 O 2 formation were detected using the fluorescent reporter dyes dihydroethidium (DHE) (Molecular Probes, USA) and dihydrorhodamine (DHR) (Molecular Probes, USA), respectively. Dyes were added simultaneously at a concentration of 1 mg/mL. Samples were incubated for 15 min in the dark prior to measurement. All data were collected using a Becton Dickinson FACSCanto TM flow cytometer, with a 488 Blue argon laser, and emission filters of 564-606 nm for DHE and 515-545 nm for DHR. At least 10000 cells were collected for each sample at a low flow rate. Cells treated with 500 mM H 2 O 2 and 500 mM plumbagin were used as positive controls. Flow data were processed by FACSDiva software and analysed by the Diva Figure Improvement Toolbox (Diva-Fit).
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Inhibition of efflux systems
An efflux pump inhibitor, Phe-Arg-b-naphthylamide (PAbN) (Sigma, USA), was used to study the role of efflux pumps in the chlorhexidine resistance mechanism. 12 First, ADP1 susceptibility to the efflux inhibitor was determined by a broth microdilution method. Positive controls (bacteria with no drug) and negative controls (no bacteria and no drug) were run simultaneously in order to assess the method. The MIC of PAbN was determined to be 320 mg/L and a concentration that had no effect on bacterial growth (80 mg/L PAbN) was used in all subsequent experiments. The MIC of chlorhexidine for ADP1 was determined in parallel, in the presence and absence of the inhibitor.
Results
Chlorhexidine-induced adaptive protective response against chlorhexidine killing in Acinetobacter
Bacteria have developed the ability to adapt and protect themselves from toxic chemicals and stresses. One strategy they use is to acquire an adaptive system that can be induced when needed. We investigated whether exposure of ADP1 to a concentration of chlorhexidine subinhibitory for growth could induce an adaptive response to protect the bacteria from lethal concentrations of chlorhexidine. The results showed that treatment of ADP1 with 0.000001% chlorhexidine for 30 min protected the bacteria from subsequent exposure to lethal concentrations (0.00007%) of chlorhexidine ( Figure 1a ). This indicates that ADP1 has inducible intrinsic mechanisms involved in Exponential-phase cells of ADP1 grown in LB medium were exposed to chlorhexidine for 30 min: 1 ¼untreated; and 2¼0.000001% chlorhexidine. Washed cells were then serially diluted (10-fold dilutions) and 10 mL of each dilution was spotted onto LB agar (control) and onto LB agar containing 0.00007% chlorhexidine, 300 mM H 2 O 2 or 350 mM plumbagin. (b) Exponential-phase cells grown in LB medium were exposed to chlorhexidine for 30 min: 1 ¼untreated; and 2 ¼0.000001% chlorhexidine. ADP1 or the oxyR mutant was then treated with 90 or 130 mM H 2 O 2 for 15 min, respectively. Washed cells were then serially diluted (10-fold dilutions) and 10 mL of each dilution was spotted onto LB agar containing 0.1% sodium pyruvate.
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chlorhexidine resistance. One of the possible chlorhexidine resistance mechanisms could involve the removal of chlorhexidine via efflux pumps. To test this hypothesis, we carried out a chlorhexidine susceptibility test on ADP1 with and without an efflux pump inhibitor (PAbN) at a concentration that had no effect on growth. The MIC of chlorhexidine for ADP1 was 0.6 mg/L in the absence of PAbN and 0.3 mg/L in the presence of 80 mg/L PAbN. The lower chlorhexidine MIC in the presence of PAbN compared with that without the inhibitor indicated that the efflux pump plays a role in chlorhexidine resistance in ADP1.
Chlorhexidine-induced cross-protection against H 2 O 2 and superoxide anion generators Next, we examined the effect of exposure to sublethal concentrations of chlorhexidine on the ability to protect ADP1 from subsequent exposure to lethal concentrations of oxidants. Pre-treatment of ADP1 cells with 0.000001% chlorhexidine conferred more resistance to lethal concentrations of either H 2 O 2 (300 mM) or superoxide generators (350 mM plumbagin) compared with untreated cells (Figure 1a ). The role of OxyR (a transcription regulator and sensor of peroxides) in the chlorhexidine-induced H 2 O 2 resistance was investigated. The ability of chlorhexidine to induce cross-protection against mortality from H 2 O 2 in an oxyR mutant was compared with that in ADP1. The results show that the oxyR mutant retained the chlorhexidine-induced H 2 O 2 cross-protection pattern (Figure 1b) .
Chlorhexidine exposure induced the production of ROS
It was hypothesized that exposure to sublethal concentrations of chlorhexidine might lead to the production of ROS, which in turn induced resistance to oxidants. The fluorescent dyes DHR and DHE are specifically oxidized by H 2 O 2 and superoxide, respectively. Therefore, a flow cytometer was used to measure the oxidation of these dyes in ADP1 cells, treated with chlorhexidine in order to detect ROS formation. The results showed that 93% of cells produced peroxide and 84% formed superoxide anion after being treated with chlorhexidine (Figure 2a and b) . The DHE fluorescence intensity of the untreated cells and the chlorhexidinetreated cells was 227+87 and 859+95 units, respectively. The DHR fluorescence intensity of the untreated cells and the chlorhexidine-treated cells was 791+384 and 6153+1773 units, respectively. The results showed that the treatment of cells with 0.000001% chlorhexidine led to increased H 2 O 2 and superoxide anion production (paired t-test, P,0.05).
Discussion
The current study demonstrated that ADP1 acquired an adaptive response and cross-protection to oxidants after exposure to a sublethal concentration of chlorhexidine. Moreover, it was shown that efflux pumps played a role in the intrinsic chlorhexidine resistance. Many efflux pumps have been shown to be directly responsible for chlorhexidine exclusion from cells. 3, 4 Among these, ADP1 possesses AcrAB and Mex-Opr homologues. 13 Their roles in the intrinsic and the inducible chlorhexidine resistance, and their expression in response to the biocide, are being investigated in ongoing research.
Chlorhexidine-induced oxidative stress protection in ADP1 is novel. The mechanism responsible for chlorhexidine-induced cross-protection against oxidants is likely to be due to its ability to generate H 2 O 2 and superoxide anions, as has been shown in the current study. Chlorhexidine has been shown to directly stimulate iron released from the iron storage protein, ferritin, which subsequently leads to the production of ROS via ironcatalysed reactions.
14 Unexpectedly, the chlorhexidine-related cross-protection against H 2 O 2 was not regulated by the global peroxide sensor transcription regulator, OxyR, unlike in other bacteria, where OxyR regulates most of the peroxide-inducible stress protection. 15 It is likely that novel, unidentified transcription regulators and an ROS sensor mediate the response. The results presented here illustrate the potential danger of improper uses of the biocide chlorhexidine in antiseptics and disinfectants. Improper practice could reduce the effectiveness of the biocide and concurrently increase resistance to oxidative stress, which could alter the virulence of bacterial pathogens.
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